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Abstract 
We present recent results of coupled non-isothermal, fluid flow and geomechanical modeling associated with the In Salah CO2
storage operation at the Krechba gas field, Algeria. Much recent modeling efforts have been dedicated to analyze satellite based
measurements of ground surface uplift at one of the injection wells where a double-lobe uplift pattern has been observed. Both 
semi-analytical inverse deformation analyses and coupled numerical modeling have indicated that the observed double-lobe 
uplift pattern can be explained by injection-induced deformation in a deep vertical fracture zone or fault intersecting the injection 
well and extending a few hundred meters above the injection zone (up to a depth below 1600 m). Recently, a 3D seismic survey 
indicated that such a fault or fracture zone may indeed intersect the well with the orientation originally predicted by the semi-
analytical inverse deformation analysis. A coupled numerical analysis indicates that observed progressive uplift during active 
CO2 injection and relatively slower subsidence rate during a subsequent shut-in period could be modeled as an elastic response, 
i.e. indicating elastic deformation of an existing geological feature rather than the creation of a new hydraulic fracture. Finally, 
we analyzed the simulation results in terms of reservoir stress evolution and the potential for injection-induced micro-seismicity 
at Krechba. Our analysis shows that the highest potential for injection-induced micro-seismicity occurs along the horizontal 
injection wells caused by the combined effects of injection-induced cooling and pressure. However, for the best-estimated 
present-day strike-slip stress regime at Krechba, our analysis indicates a relatively low potential for injection-induced micro-
seismicity.  
© 2010 Elsevier Ltd. All rights reserved 
Keywords: Type your keywords here, separated by semicolons ;  
1. Introduction 
Since 2004, the In Salah Gas Project in Algeria has been injecting about 0.5 to 1.0 million tonnes CO2 per year 
into a 20 m thick relatively low permeability sandstone located at a depth of about 1800 to 1900 m. The CO2 is 
coproduced with hydrocarbons from three adjacent gas fields, then separated from the hydrocarbons and re-injected 
into three wells (KB-501, KB-502, and KB-503) in the water leg of the Krechba gas field (Figure 1). To ensure 
adequate CO2 flow-rates across the low-permeability sand-face, the In Salah Gas Project decided to use long-reach 
(about 1 to 1.5 km) horizontal injection wells. In an ongoing research project we use field data and coupled 
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multiphase fluid flow and geomechanical numerical modeling to assess the effectiveness of this approach and to 
investigate monitoring techniques to evaluate the performance of a CO2-injection operation in relatively low 
permeability formations. Among the field data used are ground surface deformations evaluated from satellite-based 
interferometry (InSAR) that is currently being complemented with surface tilt meters and subsurface micro-seismic 
monitoring.  
InSAR data from the first few years of injection show a surface uplift on the order of 5 to 10 mm per year above 
active CO2 injection wells and the uplift pattern extends several km laterally (Figure 1). Inverse semi-analytical 
deformation analysis (Vasco et al., 2008a, b) and coupled numerical modeling (Rutqvist et al., 2010) of the first few 
years of CO2 injection showed that the observed uplift can be explained by pressure changes and associated vertical 
expansion within the 20 m thick injection zone and an approximately 100 m thick zone of shaly sands immediately 
above the injection zone. This is a good indicator that the injected CO2 and displaced brine stays within the intended 
storage zone at depth of about 1800 – 1900 m, below the approximately 900 m thick mudstone caprock.  
The uplift data and its correlation with underground reservoir structures have recently been investigated by 
several research groups using various strain inversion techniques and coupled modeling approaches (Mathieson et 
al., 2008; Ringrose et al., 2009; McNab et al., 2010; Vasco et al., 2010). Studies by Ringrose et al. (2009) and 
McNab et al. (2010) indicate that pore-pressure and CO2-plume evolutions are significantly influenced by an 
existing system of minor faults and fractures. In particular, at injection well KB-502, a more complex surface 
deformation pattern has been observed, including two parallel uplift lobes rather than one single uplift lobe. This 
double-lobe uplift pattern has recently been interpreted by Vasco et al. (2010) to signify the opening of a linear 
feature within and around the injection zone. These results suggest that permeability at KB-502 is strongly 
heterogeneous, affected by the degree of fracturing and perhaps by intersecting fault (Ringrose et al., 2009).  
In this paper we present current results of coupled modeling of the geomechanical performance at In Salah, 
including new coupled non-isothermal analysis to investigate the effects of injection-induced cooling. We 
summarize current results of modeling of the double-lobe uplift behavior at KB-502 and preliminary modeling of 
the potential for injection-induced micro-seismicity at Krechba. For our preliminary analysis presented in this paper 
we show that the double-lobe uplift at KB-502 can be modeled as an elastic response induced by pressure inflation 
and deflation of an existing fracture zone or fault, and that there is a relatively low potential for injection-induced 
micro-seismicity at Krechba.  
2. The double-lobe uplift behavior at KB-502 
The double-lobe uplift signature at the KB-502 well has been derived from InSAR data by 3 groups using 
different data processing methods (Figure 2). Vasco et al. (2010) interpreted the double-lobe response to be caused 
by opening of a vertical tensile feature extending about 80 m above and below the injection zone and having a 
maximum “aperture change” of about 6 cm. The current inverse solution suggests a tensile feature extending about 
200 m above the injection zone, i.e. still being confined at depths below 1600 m. Similarly, using multiphase fluid 
flow modelling coupled with an elastic overburden rock model, McNab et al. (2010) also concluded that opening of 
a vertical fault can explain the observed double-lobe uplift. Recently, a 3D seismic survey indicated that such a fault 
or fracture zone may indeed intersect injection well KB-502 and a linear feature is visible in the seismic signature up 
to a few hundred meters above the injection zone (Gibson-Poole et al., 2010). In fact, the location and orientation of 
the linear feature seen on the 3D seismic image agrees very well with predictions from the inverse semi-analytic 
deformation analysis done by Vasco et al. (2010) long before the 3D seismic results were available.  
Here we present modelling results using the coupled multiphase fluid flow and geomechanical simulator 
TOUGH-FLAC (Rutqvist et al., 2002) to investigate whether we can capture the double-lobe uplift response in a 
forward analysis of the actual CO2 injection. We used a model grid that is 10 by 10 km and centred at the horizontal 
injection well, a model that was also employed in Rutqvist et al. (2010) to simulate the first few years of injection at 
KB-501 and KB-503. For the analysis of the double-lobe uplift response at KB-502, we modified the model grid by 
including a fracture zone that intersects the injection well and extends about 200 m above the injection zone. In this 
case we simulate a zone of fractured rock about 50 m wide that has a strongly anisotropic elastic modulus. The 
fractures are assumed to strike parallel to the fracture zone and perpendicular to the KB-502 CO2 injection well. 
This is also in agreement with the dominant NW-SE strike of the fracture system within the reservoir and overlying 
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shaly sand section (Iding et al., 2008). With fractures parallel to the plane of the 50 m wide fractured rock zone, the 
rock mass will be much more compressible and expandable across the plane of the fracture zone. Using such an 
approach we found that we could indeed reproduce a double-lobe response similar to the one observed in the field, 
with a maximum uplift magnitude of about 0.2 cm after 2 years of injection, and the two uplift lobes laterally spaced 
about 1.5 km (Figure 3b). During the simulated injection, fluid pressure gradually inflates the vertical fracture zone 
which expands laterally causing a maximum lateral displacement (x-displacement shown in Figure 3a) of about 8 
cm on each side of the fracture zone. This may seem like a relatively large displacement. However, taken over the 
50 m wide fracture zone, such a displacement magnitude corresponds to a lateral strain of about 0.32%, which could 
be considered a quite small straining that is accommodated in the model as an elastic response to a pressure-induced 
reduction of effective stress.   
We also conducted some preliminary simulations of the well pressure and subsidence evolution during a longer 
term shut-in of well KB-502. Field data shows a partial pressure fall-off and a slow subsidence that might appear to 
indicate irreversible mechanical behaviour. However, the time evolution of the uplift and subsidence sequence, 
including a relatively slow subsidence rate could also be captured using elastic modelling. The fact that the double-
lobe uplift and subsequent subsidence could be modelled reasonably well with an elastic model indicates that the 
observed mechanical responses are due to deformation in an existing fracture zone rather than the creation of a new 
hydraulic fracture. Further detailed comparison of observed and calculated uplift shape and time evolution as well as 
sensitivity studies are ongoing and will include new field data when available.  
3. Potential for injection-induced micro-seismicity 
We conducted a coupled non-isothermal, multiphase fluid flow and geomechanical simulation to investigate the 
potential for injection-induced micro-seismicity at Krechba. The approach is similar to the one used for studies of 
induced seismicity at the Geysers Geothermal field, California (Rutqvist et al., 2010). We calculate changes in the 
effective stress field as a result of injection-induced changes in fluid pressure and temperature and we use a 
Coulomb failure criterion to evaluate the likelihood of shear slip reactivation along existing fractures (and associated 
induced micro-seismicity).  
First, a separate wellbore simulation was conducted to calculate the bottom hole pressure and temperature. In this 
model simulation we use Berkeley Lab’s T2 well simulator, which is based on the TOUGH2 multiphase flow 
simulator and models multiphase fluid flow and heat transport within the well and heat exchange with the 
surrounding formation. When the CO2 injection rate is relatively high, the calculated bottomhole temperature is 
about 40C cooler than the formation temperature. The estimated bottomhole pressure and temperature calculated 
with the T2 well simulator are consistent with independent calculation results using a commercial well simulation 
package (Bissell et al., 2010).  
Figure 4 shows the calculated changes in pressure and temperature in the reservoir around a horizontal CO2
injection well. From this figure we can conclude that the pressure changes are wide spread with significant changes 
propagating several km from the injection well. This is also reflected in the observed surface uplift at Krechba 
which shows that the surface uplift lobes extend several km from each injection well (Figure 1). The temperature 
changes, on the other hand, are confined to the immediate surrounding of the injection well. The calculated 
injection-induced temperature changes in the numerical grid elements depends on the grid size. In this case, the 20 
by 20 m grid elements adjacent to the injection well results in a cooling of about 5C after about 3 years of injection. 
Calculated changes in fluid pressure and temperature shown in Figure 4 lead to changes in the effective stress field, 
which are then linked with a Coulomb criterion to evaluate the potential for injection-induced micro-seismicity.   
One key parameter in estimating the likelihood of shear reactivation along a fracture is the internal friction angle 
 or the coefficient of static friction,  = tan , entering the Coulomb shear failure criterion:  
 pC ncr 	 
  	      (1) 
where 	 is the stress along the fracture plane, 	cr is the critical shear stress for shear slip, C is cohesion, n is stress 
normal across the fracture plane, and p is the fluid pressure within the fracture plane. Cohesionless faults are usually 
assumed to have a frictional coefficient of 0.6 to 0.85 (e.g., Barton et al., 1995). Here we assume a friction angle of 
 = 30 and hence  = 0.58, which may be considered a conservative lower limit value of frictional strength.  For 
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= 30 and if we assume randomly oriented fractures we may write the Coulomb criterion for the onset of shear 
failure in the following form:  
   c
hHcH
       (2) 
where 1 is the maximum compressive principal effective stress, 1c is the critical maximum compressive principal 
effective stress for the onset of shear slip, and 3 is the minimum compressive principal effective stress.  Thus, shear 
slip would be induced whenever the maximum principal effective stress is three times higher than the minimum 
principal effective stress. However, at In Salah, fractures within the injection zone are know to be subvertical, most 
of them striking roughly NW-SE, which is parallel with the direction of the in situ maximum principal stress (Iding 
et al., 2008). Therefore we can restrict our analysis to subvertical fractures in which the Equation (2) may be 
expressed as:  
    3
HhHHcmc
      (3) 
where H is the maximum compressive horizontal effective stress, Hc is the critical maximum compressive 
horizontal effective stress for the onset of shear failure, and h is the minimum compressive horizontal effective 
stress. In Equation (3) we still consider that a subvertical fracture could exist with any strike, but shear failure would 
be most likely and occur first along fractures that are oriented about 30 relative to the maximum horizontal 
principal stress. Thus this would be 30 deviation from the dominant NW-SE strike of the fracture system.  
The in situ stress field at the reservoir level has been estimated by Geoscience Ltd. For an initial hydrostatic fluid 
pressure of about 18 MPa, we can estimate the in situ (pre-injection) maximum and minimum compressive 
horizontal effective stresses as  H = 28 MPa, and h = 11 MPa. Using these values we find that H does not exceed 
Hc (= 3h) and is not in a state of shear. We may express this in terms of a strength-to-stress margin, mc, as 
    3        (4) 
using H = 28 MPa and h = 11 MPa, we found that mc = 311–28 = 5 MPa. Thus, before the injection, rock mass 
strength exceeds the stress by a margin of 5 MPa.    
During injection, both H and h changes a function of time as a result of changes in fluid pressure and 
temperature. Figure 5 presents the strength-to-stress margin after 3 years of injection as a results of the pressure and 
temperature changes in Figure 5. The figure shows that the highest likelihood for shear reactivation and induced 
micro-seismicity (as signified by the lowest strength-to-stress margin) is near the horizontal well cause by the 
combined effects of injection-induced cooling and pressure. However, the there is still a minimum strength-to-stress 
margin of 2 MPa, which indicates that no shear reactivation and micro-seismicity would be triggered. An important 
factor in suppressing the likelihood of injection-induced micro-seismicity in this case is development of poro-elastic 
stress in tends to increase the total horizontal stresses in the reservoir.  
4. Concluding remarks 
In this paper we presented recent modeling of the geomechanical performance at In Salah, including new coupled 
non-isothermal modeling to investigate injection-induced cooling effects. We focus our presentation on the analysis 
of the observed double-lobe surface deformation response at the KB-502 injection well and the potential for 
injection-induced micro-seismicity at Krechba. Both semi-analytical inverse deformation analysis and coupled 
modeling indicate that the observed double-lobe uplift pattern can be explained by injection-induced deformation in 
a vertical fracture zone or fault intersecting the well and extending a few hundred meters above the injection zone 
(up to a depth below 1600 m). Recently, a 3D seismic survey indicated that such a fault or fracture zone may indeed 
intersect the well with the orientation originally predicted by the semi-analytical inverse deformation analysis. A 
preliminary coupled numerical simulation indicates that the observed progressive uplift during active CO2 injection 
and relatively slower subsidence rate during a subsequent shut-in period could be modeled as an elastic response, i.e. 
indicating elastic deformation of an existing geological feature rather than the creation of a new hydraulic fracture. 
Finally, we analyzed the simulation results in terms of injection-induced reservoir stress and the potential for 
injection-induced micro-seismicity at Krechba. Our analysis shows that the highest potential for injection-induced 
micro-seismicity occurs along the horizontal sections of the injection wells as a result of the stress changes caused 
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by the combined effects of injection induced cooling and pressure. However, for the best-estimated present-day 
strike-slip stress regime at Krechba, our analysis indicates a relatively low potential for injection-induced micro-
seismicity. This is also consistent with the lack of  recording  of  any  locatable seismic events with a multilevel 
borehole  seismic array (6 levels from 80 m to 480 m depth) that was deployed near the KB-502 injection well  
during a one year  period ( July 2009 - July  2010) 
We think our analysis quite convincingly indicates mainly elastic behaviour and a low potential for injection-
induced seismicity even for some conservative assumptions such as cohesionless fractures and a lower bound 
friction angel. However, we also acknowledge that there are a number of uncertainties in our modelling. This 
includes inputs of the estimates of the in situ stress field, in particular the maximum compressive stress. For 
example, if the maximum compressive horizontal effective stress would be 31MPa rather than 28 MPa, then our 
analysis would indicate that micro-seismicity would be triggered very close to the wellbore. Thus, further and 
refined seismic monitoring will be recommended and if seismic events are recorded such data could be used to 
constrain and recalibrate our model.  
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Figure 1.   InSAR data of average distance change (close to vertical displacement) evaluated by Tele-Rilevamento 
(TRE) from August 2004 though March 2007.  
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Figure 2. Double-lobe uplift response evaluated from InSAR by three independent groups: TRE and Vasco et al.  
(2010) using PSInSAR (left), and Onuma, T., Ohkawa, S. (2008) using DInSAR (middle), and MDA Canada and 
Pinnacle Technology (right). The red contour indicates the largest uplift which is on the order of 2 cm after about 2 
years of injection in KB-502.   
Figure 3. Forward coupled numerical modelling of CO2 injection with pressure inflation of the vertical fracture zone 
that results in a double lobe uplift response on the ground surface similar to observations shown in Figure 2.   
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Figure 4. Results of coupled non-isothermal, multiphase flow modelling of CO2 injection showing changes in 
reservoir fluid pressure and temperature after about 3 years of injection.  
Figure 5. Calculated potential for induced seismicity expressed in terms of a strength-to-stress margin after about 3 
years of injection. The minimum strength-to-stress margin of 2 MPa at the well (blue contour) means that the rock 
mass strength exceeds the stress by 2 MPa, which indicates that no injection-induced seismicity would occur.  
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